Audio applications such as mobile communication and hearing aid devices demand a small size but high performance, stable and low cost microphone to reproduce a high quality sound. Capacitive microphone can be designed to fulfill such requirements with some trade-offs between sensitivity, operating frequency range, and noise level mainly due to the effect of device structure dimensions and viscous damping. Smaller microphone size and air gap will gradually decrease its sensitivity and increase the viscous damping. The aim of this research was to develop a mathematical model of a spring-supported diaphragm capacitive MEMS microphone as well as an approach to optimize a microphone's performance. Because of the complex shapes in this latest type of diaphragm design trend, analytical modelling has not been previously attempted. A novel diaphragm design is proposed that offers increased mechanical sensitivity of a capacitive microphone by reducing its diaphragm stiffness. A lumped element model of the spring-supported diaphragm microphone is developed to analyze the complex relations between the microphone performance factors and to find the optimum dimensions based on the design requirements. It is shown analytically that the spring dimensions of the spring-supported diaphragm do not have large effects on the microphone performance com pared to the diaphragm and backplate size, diaphragm thickness, and air-gap distance. A 1 mm 2 spring-supported diaphragm microphone is designed using several optimized performance parameters to give a -3 dB operating bandwidth of 10.2 kHz, a sensitivity of 4.67 mV/Pa (-46.5 dB ref. 1 V/Pa at 1 kHz using a bias voltage of 3 V), a pull-in voltage of 13 V, and a thermal noise of -22 dBA SPL.
Introduction
The silicon capacitive microphone has been studied and shown to potentially replace the existing and widely used piezoelectric microphone due to its high sensitivity, long term stability and ability to withstand a high temperature soldering process [1, 2] . This type of microphone has been designed to use various diaphragm materials including silicon nitride, polysilicon, aluminum, and polyimide [3] [4] [5] [6] . A different diaphragm material was chosen to suit the intended application based on the required dimension, sensitivity, and operating frequency range. Open-circuit sensitivity of a capacitive microphone can be increased by applying a higher bias voltage or reducing the diaphragm stiffness. Since many small size audio applications prefer a low voltage operation, the microphone sensitivity needs to be increased by reducing the diaphragm stiffness alone. The diaphragm stiffness can be reduced by using a low stress material, perforated diaphragm or as a combination with corrugated or spring type diaphragm [4, [6] [7] [8] [9] [10] [11] [12] . However, the reduction in diaphragm stiffness will cause the reduction in its operating frequency range and pull-in voltage. Moreover, the desired smaller device size and capacitor air-gap thickness will increase the thin film air damping effect which will decrease its open-circuit sensitivity further. Due to the trade-offs relation between these performance factors, the optimization of the microphone parameters is always required depending on the design requirements.
Previous research has been carried out using various spring type diaphragm to increase the sensitivity of a capacitive MEMS microphone. Kim et al. [11] has demonstrated the use of a flexure hinge diaphragm to achieve 0.2 m diaphragm centre deflection with a flat frequency range of up to 20 kHz. Weigold et al. [13] was using a spring-supported, thin polysilicon diaphragm fabricated on silicon on insulator (SOI) wafer to achieve a sensitivity of -47 dB (ref 1 V/Pa) with the amplifier circuit. Another high sensitivity of up to 8.2 mV/Pa was reported by Fuldner et al. [9] using a spring type diaphragm membrane of 1 mm in diameter and low bias voltage of 1 V. Mohamad et al. [12, 14] has also demonstrated that a specially designed spring-supported diaphragm can easily achieve up to 100 times higher mechanical sensitivity and 1.5 times higher capacitance change compared to the edge-clamped diaphragm of the same size.
The behaviour of a capacitive microphone can be simplified and represented using linear lumped elements in a reduced-order network modelling. An accurate model will speed-up design analysis and parameters optimization using finite element analysis (FEA). In network modelling method, the electrical linear lumped elements were determined from the acoustical and mechanical structure of the microphone. The diaphragm compliance has the greatest influence on the microphone sensitivity, thus its analytical expression needs to be determined accurately. A detailed analysis to determine the compliance of a circular spring diaphragm has been reported by Fuldner et al. [9] .
A novel spring type diaphragm design is proposed that provides increased mechanical sensitivity of a capacitive microphone by reducing its diaphragm stiffness compared to traditional designs. This paper aims to develop a mathematical model of the spring supported diaphragm microphone design and optimize its performance. Spring type diaphragms are the latest design approaches in capacitive microphone research, and analytical modelling of this type diaphragm has not been previously attempted because of the complex shapes. A lumped element model of the spring-supported diaphragm microphone is derived to analyze the complex relations between the microphone performance factors and to find its optimum parameters setting based on the design requirements.
Microphone Design and Modelling
This section first describes the development of equations to model the centre deflection of the diaphragm, and then determines equations for the open-circuit sensitivity, frequency response, pull-in voltage and the mechanical thermal noise of the microphone.
The spring-supported diaphragm presented in this paper has a structure as shown in Figure 1 . The square diaphragm is suspended by four L-shape spring at its four corners. Its matched size backplate with several perforated holes is shown in Figure 2 . The cross-sectional view of the microphone structure is shown in Figure 3. A mathematical model to describe the diaphragm movement under an oscillating sound pressure was developed by dividing the diaphragm in Figure 1 Assuming a linear displacement, the corner-supported diaphragm's center deflection, w 1 in Figure 4 is given by [15] :
where P is the sound pressure perpendicular to the top of the diaphragm in Pascal, h is the diaphragm thickness, w d is the diaphragm length and width. E and v are the modulus of elasticity, and Poisson's ratio of the diaphragm material respectively. The deflection of an L-shaped spring is derived from a doubly-clamped beam center deflection [16] . Assuming small and linear diaphragm deflection, a center beam deflection, w bc in Figure 5 is given by:
where w b is the beam width, h and L b are the beam thickness and beam length respectively. The constant factor C b was determined using Coventor MEMS design software by varying the beam thickness, width, and length to give C b ≈ 17.4. Modifying (2) by introducing a factor C 1 to compensate the differences between the doubly-clamped beam and the L-shaped spring deflection in Figure 6 gives:
where w 2 is the L-shaped spring center deflection, h , w s , and L s are the spring thickness, spring width, and spring length respectively. Since the microphone diaphragm's corner is attached to the center of the L-shaped spring, (3) was modified to include the effect of diaphragm's corner deflection to give:
The centre deflection of the square spring-supported diaphragm, w c for small diaphragm deflection (w c < h) is given by the sum of the diaphragm deflection in (1) and L-shaped spring deflection in (4): Figure 7 shows the numerical relationship of factor, C 1 with the diaphragm thickness. The relationship was found using the Coventor to model a spring diaphragm microphone with parameters in Table 1 . A linear curve fitting on the graph gives:
Open-Circuit Sensitivity
A capacitive microphone operates using the principle of a variable capacitor which produces a variable output voltage when one of its charged capacitor plate is moving parallel to the other plate, thus varying its plate gap. The open-circuit sensitivity (in Volt per Pascal) of a capacitive microphone is given by [17] :
where V b is the bias voltage (in volt), h g is the sound pressure change, C o is the initial air gap distance (in meter) between microphone diaphragm and its back plate, and C s are the microphone initial capacitance and stray capacitance (in Farad) respectively. The initial or working capacitance can be calculated using the parallel-plate capacitor equation. The narrow air gap in this microphone leads to an increase in the viscous damping. A number of back plate holes was used to reduce the viscous damping effect [18, 19] (see Figure 2) . Substracting the back plate holes from the back plate area and assuming a flat diaphragm deflection, the initial capacitance, C o is given by:
where ε r is the dielectric constant of the air gap ( ε r ≈ 1 for air), ε o is the absolute permittivity of a vacuum, n and r h are the number of back-plate holes and hole radius respectively. Substituting (5) for the Δh g into (7) yields a frequency dependent open-circuit sensitivity of a spring diaphragm microphone: 
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Frequency Response
A capacitive microphone is often designed to operate in a desired operating frequency range. The frequency response of the microphone must be flat within the desired range to reproduce a good quality sound. In this paper, the microphone will be designed to operate in an audio operating bandwidth of up to 20 kHz. Table 1 shows the optimized parameters for the microphone design discussed in Section 3.
The frequency response of a condenser microphone can be analyzed using linear lumped elements in a network modelling. Figure 8 shows an equivalent circuit diagram to represent various lumped elements of a condenser MEMS microphone where F s is the sound pressure force, and V m is the sound velocity.
The mechanical compliance, C m of the diaphragm is given by [17] :
Substituting (5) for Δh into (10) gives a spring-supported diaphragm compliance (in meter/Newton):
The lumped effective mass, M m (in kg) of the microphone can be approximated by the total diaphragm and L-shaped spring mass:
where ρ is the polysilicon density for both diaphragm and L-shaped spring. The air gap viscosity loss, R g (in N.s/m) and its compliance, C a (in m/N) can be expressed as [20] : 
where μ o and ρ o are the viscosity and density of air respectively, n is the number of backplate holes, h g is the air-gap distance with zero bias voltage, α is the surface fraction occupied by the backplate holes, and c is the sound velocity at room temperature. The backplate holes viscosity loss, R h (in N.s/m) is given by [17] :
The total impedance, Z t of the circuit in Figure 8 can be expressed as:
Thus, the frequency dependent sensitivity and frequency response of the microphone (in Volt/Pascal) can be calculated as:
Pull-In Voltage
A capacitive microphone's pull-in voltage is caused by the attractive force between the diaphragm and backplate when a constant bias voltage is applied during its operation. Its value is mainly determined by the spring restoring force of the diaphragm [21] and the L-shaped spring in this paper. Assuming a linear spring restoring force, the net force, F net acting on upper plate (diaphragm and L-shaped spring) is given by [16] :
where spring constant, k can be calculated from the inverse of the spring-supported diaphragm compliance ( k = 1/C m ), h g and h d are the air-gap distance with zero and constant bias voltage respectively. A is the effective parallel plate area (backplate area minus area occupied by the holes). The first part of the expression in (18) is the spring upward force by the diaphragm and L-shaped spring, and the second part of the expression is the downward electrostatic force caused by the constant bias voltage. At equilibrium, the net force is equal to zero:
The pull-in occurs at the air-gap distance [16] :
Equating (18) and (19), and substituting (20) for the pull-in air-gap yields:
where V PI is the pull-in voltage at pull-in air-gap distance, h PI . Substituting (20) into (21) yields the pull-in voltage, V PI expression:
Mechanical Thermal Noise
A good capacitive microphone is designed to pick up the lowest possible sound pressure which is limited by the mechanical thermal noise and the preamplifier noise of the microphone [19] . The A-weighted mechanical thermal noise, S N (in Pascal) can be calculated by [19] :
where f 1 and f 2 are 20 Hz and 20 kHz respectively, T is the Boltzmann constant, and A(f) is the absolute temperature (in Kelvin). The A-weighted filter function, is given by: 
where f is the sound pressure frequency in Hertz. It can be seen in (23) that a mechanical thermal noise can be reduced by reducing the backplate holes viscous damping. However, the viscous damping reduction will increase the resonant peak of the microphone diaphragm. Thus, optimum parameters need to be calculated to get the lowest mechanical thermal noise according to the frequency response requirements.
Performance Analysis
A capacitive MEMS microphone performance factors such as sensitivity, operating bandwidth, pull-in voltage, and thermal noise can be analyzed by varying some of its structural parameters. Table 2 shows the microphone parameters' change from a low to a higher value which was shown as a percentage parameter change in the analysis graphs throughout this section. Since only one parameter is changed at a time, all other parameters used in the performance analysis simulations are fixed at a reference value as shown in Table 1 .
The following sections analyses the effect of viscous damping and structure dimensions on bandwidth, sensitivity, pull-in voltage and thermal noise. The results are then used to determine optimised parameters and the frequency response of the diaphragm.
Viscous Damping
Viscous damping of a MEMS microphone is largely affected by the air gap and backplate viscosity loss as in Equations (13) to (15) . In this section, the spring-supported microphone's air gap distance, backplate hole count and hole radius were varied as in Table 2 to observe its performance effects. Figure 9 shows that the -3dB operating bandwidth of the microphone can be increased gradually by increasing the backplate hole radius and hole count. Although a larger operating bandwidth can easily be achieved by having more backplate holes and larger hole radius, this decreases the microphone sensitivity as shown in Figure 10 . Also, these two parameters changes have negligible effect on the pull-in voltage value (see Figure 11 ).
An increase in air gap on the other hand reduces the operating bandwidth (Figure 9 ) even though it increases the pull-in voltage gradually as shown in Figure 11 . The aim of a microphone design is to achieve the highest sensitivity, adequate operating bandwidth (20 kHz for an audio applications), and at least 3 times higher pull-in voltage than its bias voltage to prevent the diaphragm from collapsing to the backplate during microphone normal operation. The A-weighted mechanical thermal noise of the spring-supported microphone is shown to be decreasing with the decrease of viscous damping (see Figure 12) . Also, the noise value is shown to be several dBs below the lowest hearing threshold (0 dBA SPL) even at the higher viscous damping values.
Structure Dimensions
A microphone's open-circuit sensitivity and its frequency response are dependent on viscous damping, as discussed previously, as well as its structure dimensions as in Equations (9) and (17) . Figure 13 shows that an increase in spring width has little effect on the operating bandwidth, but slowly reduces the sensitivity as shown in Figure 14 . The increase in spring width, however, does raise the pull-in voltage slightly (see Figure 15 ). In contrast, the use of a longer spring in a spring-supported MEMS microphone reduces the microphone operating bandwidth and pull-in voltage slightly (see Figure 13 and Figure 15 ) even though it causes a small increase in microphone sensitivity (Figure 14) .
Significant microphone performance effects can be seen by varying the diaphragm and backplate width, as well as the diaphragm thickness. Increasing the diaphragm and backplate width will obviously increases the capacitor effective area thus increasing its capacitance. This is reflected by the large increase in microphone sensitivity as shown in Figure 14 . However, the diaphragm width increase will also reduce its spring constant, thus gradually reducing the microphone operating bandwidth (Figure 13) , as well as the pull-in voltage (Figure 15) .
Increasing a diaphragm's thickness will increase its spring constant, however this will reduce its operating bandwidth up to about 200% thickness change before the bandwidth begins to increase slightly (see Figure 13) . A thicker microphone diaphragm gives a higher pull-in voltage (Figure 15 ) but reduces the sensitivity due to a higher spring constant (Figure 14) . The A-weighted mechanical thermal noise is shown not to be affected by variations in diaphragm thickness, spring width and spring length, however the noise becomes greater with the increase in diaphragm and backplate width due the increased in the capacitor area which will increase the microphone's air gap and the backplate holes viscosity loss (see Figure 16 ). Similar to the viscous damping case, the noise value here is shown to be more than 10 dB below the lowest hearing threshold (0 dBA SPL). 
Parameters Optimization
Parameters optimization is required to achieve the best microphone performance given various design and application constraints such as smaller device size, wider operating bandwidth, and minimum electrical power usage. In this paper, a spring-supported diaphragm microphone requires 20 kHz operating bandwidth with highest sensitivity and pull-in voltage, as well as the lowest possible thermal noise.
Based on the complex parameters relationships as discussed in previous sections, an optimised microphone design was achieved using the parameter values shown in Table 1 . The design gives a -3dB operating bandwidth of 10.2 kHz, a sensitivity of 4.67 mV/Pa (-46.5 dB ref. 1 V/Pa at 1 kHz using a bias voltage of 3 V), a pull-in voltage of 13 V, and a thermal noise of -22 dBA SPL. The theoretical frequency response of the microphone was calculated using (17) and is shown in Figure 17. 
Conclusions
The design of a spring-supported microphone is governed by a complex relations and trade-offs between several performance factor parameters. Since optimum parameter values are required for a microphone's performance, a lumped element model is developed to assist in achieving this goal. The model is applied to a novel spring-supported diaphragm capacitive microphone design, and it is concluded that the spring width and length in the spring-support do not have a large effect on the microphone's operating bandwidth, sensitivity, pull-in voltage, and thermal noise.
An optimum set of parameter values are used for the new spring-supported diaphragm microphone to give a -3 Table 1 . dB operating bandwidth of 10.2 kHz, a sensitivity of 4.67 mV/Pa (-46.5 dB ref. 1 V/Pa at 1 kHz using a bias voltage of 3 V), a pull-in voltage of 13 V, and a thermal noise of -22 dBA SPL. The operating bandwidth of the microphone can be increased further by using a thicker diaphragm size with a trade-off of lowering its sensitivity. However, a lower sensitivity can easily be increased by using a higher bias voltage if it is permitted by the intended application and does not exceed the pull-in voltage threshold of the diaphragm.
